We demonstrate record performance of series-coupled silicon racetrack resonators exhibiting the Vernier effect. Our device has an interstitial peak suppression (IPS) of 25.5 dB, which is 14.5 dB larger than previously reported results. We also demonstrate the relationship between the inter-ring gap distance and the IPS as well as the 3 dB bandwidth (BW) both theoretically and experimentally. Namely, we show that as the inter-ring gap distance increases, the IPS increases and the 3 dB BW decreases. © 2012 Optical Society of America OCIS codes: 230.4555, 250.5300.
Optical communications often exploit the advantages of multiplexing (add) and demultiplexing (drop) of optical signals to reduce the overall footprint, reduce costs, and/ or increase the bit rate compared to electrical interconnects. In recent years, integrated silicon photonics has become an attractive option to replace existing wavelength-division multiplexing (WDM) devices because they are cheaper to fabricate, and their footprints can be smaller. Silicon ring resonator add-drop filters have been extensively researched over the past few decades and are attractive for WDM applications. However, ring resonator add-drop filters resonate at multiple wavelengths, i.e., those for which the round trip phase is equal to an integer multiple of 2π. Thus, if the spacing, or the free spectral range (FSR), between two resonant wavelengths is not larger than the span of the communication band (e.g., C-band, 35 nm wide), two or more optical signals at wavelengths corresponding to different optical channels will be multiplexed or demultiplexed by the filter. Therefore, the FSR should be larger than the span of the band. There are two methods to increase the FSR. The first is to decrease the overall length of the ring resonator since the FSR is inversely proportional to the length of the resonator [1, 2] . However, as the length decreases, so does the radius of the resonator, which, in turn, increases the bending losses [1, 2] . Also, the performance of single-ring resonators cannot meet typical commercial filter specifications.
The more attractive method is to utilize the Vernier effect by using series-coupled ring resonators in which each of the resonators in the series has a different total length and, therefore, different FSR from the other resonators in the series [1] [2] [3] [4] [5] [6] [7] . There will be major resonance peaks found in the spectrum when an integer multiple of the FSR of each individual ring resonator of the series is equal to the FSR of the series-coupled ring resonator system, and all other peaks will be suppressed between two consecutive major peaks [1] [2] [3] [4] [5] [6] [7] . Therefore, ideally the FSR of the series-coupled system can be considerably extended compared to the FSR of the individual ring resonators in the series, thus enabling the use of larger resonators having lower bending losses [1, 2] . However, the interstitial peak suppression (IPS) (defined as the difference between a major resonance peak and the highest interstitial peak) is important since, if it is too small, the series-coupled ring resonator will not be appropriate for a practical WDM system due to interchannel cross talk. To date, the published experimental results of seriescoupled ring resonators exhibiting the Vernier effect, using silicon-on-insulator (SOI) strip waveguides, show the extension of the FSR [3] [4] [5] [6] [7] ; however, the largest IPS was only 11 dB [4] . Here, we show the experimental dependency of the IPS and 3 dB bandwidth (BW) on the inter-ring gap distance, compare with models, and show substantially improved performance.
The resonators were fabricated using electron beam lithography, as described in [8] . Waveguides were defined using HSQ resist, exposed using a JEOL JBX-6300FS electron-beam lithography system, with a 100 kV, 8 nA beam, 500 μm exposure field, a 6 nm beam stepping grid, and 2× field-shift multipass writing. Shallow-etch grating couplers were fabricated in a second lithography step using ZEP resist. The silicon was etched in an Oxford PlasmaLab 100 ICP system using chlorine gas.
The devices presented here were designed to have similar dimensions to the one presented in [5] . The radii of the first, r 1 , and second, r 2 , resonator are 4.28 and 6.545 μm, respectively, and the straight coupling lengths, L coupler , are all 15 μm, as shown in Fig. 1 . The structures were modeled and analyzed using analytical methods and numerical software. The silicon strip waveguides were set to have widths of 500 nm and heights of 220 nm with a lower cladding of silicon dioxide. The propagation loss was assumed to be 3 dB∕cm. The effective index was determined using MODE Solutions by Lumerical Solutions, Inc. The directional couplers were modeled by determining the even and odd supermode effective indices [9] using MODE Solutions, which takes into account the wavelength dependency of the field coupling factor, κ, and the field transmission factor, t. The spectral characteristics, such as the intensity of the interstitial peaks adjacent to the major peaks, will vary mainly due to the wavelength dependency of κ and t. Thus, any ring resonator design that wishes to meet certain commercial requirements must take the wavelength dependency of κ and t into account in the design phase. The ratio of the total length of the second resonator to the total length of the first resonator (1.250148) is not exactly 1.25, further introducing discrepancies in the interstitial peak amplitudes.
Thirty devices were designed to have a bus-to-ring (b-r) gap distance of 210 nm with the inter-ring (r-r) gap distance varied from 250 to 540 nm in 10 nm increments. The theoretical responses of three devices are shown in Fig. 2(a) , where the FSR is larger than the span of the C-band. The inter-ring gap distance has been varied to determine the effect it has on the 3 dB BW and the IPS. For the three cases considered, the IPS increases from 13.8 to 21.9 dB and the 3 dB BW decreases from 0.33 to 0.14 nm when the inter-ring gap distance is increased from 300 to 530 nm. Figure 2(b) shows the experimental results. The IPS of the device with as-designed inter-ring gap distance of 530 nm is 25.5 dB, which is the largest IPS seen to date using SOI series-coupled ring resonators exhibiting the Vernier effect and is 14.5 dB larger than that of our previously reported device [4] . Also, this device has a 3 dB BW of 0.09 nm and an FSR of 38.16 nm. Figure 3(a) shows the plot of the experimental IPS versus inter-ring gap distance, for a bus-to-ring gap distance of 210 nm. Model data is plotted for bus-to-ring gap distances of 150, 180, 210, and 240 nm. We can clearly see that, in most cases, as the inter-ring gap distance increases, the experimental IPS increases, which matches the trend seen by the theoretical results. However, some devices do not follow the expected trend and we believe that this is due to fabrication yield and calibration errors. We have highlighted in green the experimental results of two devices (inter-ring gap distances 510 and 540 nm) that show degradation based on having uncharacteristically high insertion losses larger than 17 dB [see Fig. 3(c) ]. We have also neglected to include data from one device (inter-ring gap distance 440 nm) due to the inability to determine which peak is a major peak. Also, the theoretical results show that for large inter-ring gap distances, the IPS saturates and is more sensitive to a change in the bus-to-ring gap distance. Figure 3(b) shows the plot of the experimental 3 dB BW versus inter-ring gap distance, for a bus-to-ring gap distance of 210 nm. Model data is plotted for busto-ring gap distances of 150, 180, 210, and 240 nm. The 3 dB BW is defined as the wavelength span between the −3 dB points (referenced at the maximum value of the major peak). If there is splitting of the main resonance peak, the 3 dB BW is defined as the span between the −3 dB point to the left of the left peak and to the right of the right peak. We can clearly see that as the inter-ring gap distance increases, the experimental 3 dB BW decreases, which matches the trend shown by the theoretical results. Also, at a fixed inter-ring gap distance, the 3 dB BW decreases when the bus-to-ring gap distance increases. Similarly, Fig. 3(c) shows the plot of the experimental and model drop-port insertion loss (defined as the absolute value of the maximum intensity of the major peak) versus inter-ring gap distance.
We have also fabricated 15 devices in which the asdesigned inter-ring gap distance is fixed at 450 nm and the bus-to-ring gap distance varies from 140 to 280 nm in 10 nm increments. The four best devices, bus-to-ring gap distances of 210, 250, 260, and 270 nm, showed IPS values of 18.6, 20.3, 15.9, and 22.6 dB and 3 dB BW values of 0.23, 0.21, 0.19, and 0.08 nm, respectively.
A physical interpretation for the observations made in this Letter can be identified by considering independent cascaded resonators. For a single-ring resonator, a smaller optical BW leads to a larger out-of-band rejection ratio. The cascade of two dissimilar rings (product of transfer functions) will thus lead to smaller subpeaks, and a larger IPS. At large enough coupler gaps, when the rings are undercoupled, this leads to a reduced drop-port transmission (higher insertion loss), and their Q values approach their intrinsic Q values. Hence, the BW of the major peaks will also be decreased and the insertion loss increased. In our series-coupled case, these effects originate from the direct coupling of two rings. This description provides insight into the trade-offs between insertion loss, 3 dB BW and IPS, as seen in Figs. 3(a)-3(c) .
In summary, we have designed and fabricated SOI series-coupled racetrack resonators exhibiting the Vernier effect with extended FSRs (e.g., 38 nm) greater than the optical communication C-band (35 nm). The inter-ring gap distances were varied between 250 and 540 nm to determine the effect that the inter-ring gap distance has on the IPS as well as the 3 dB BW. The experimental results showed that the IPS increased from 5.8 to 25.5 dB and the 3 dB BW decreased from 0.77 to 0.09 nm, with increasing inter-ring gap distance.
